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Toll-like receptors; patch-clamp electrophysiology; Fura-2/AM Ca 2ϩ fluorescence; pacemaker current IT IS WELL ESTABLISHED THAT sepsis releases into the circulation lipopolysaccharides (LPS) that have deleterious effects on cardiac function and play a significant role in development of chronic and acute heart failure (6, 27) . LPS are membrane components of Gram-negative bacteria that activate the innate immune system via germline-encoded pattern recognition receptors or Toll-like receptors (TLR) (1) . TLRs are type 1 integral membrane glycoproteins with leucine-rich repeats in the extracellular domain and an intracellular signaling domain homologous to the interleukin 1 receptor (IL-1R) designated the Toll/IL-1R homology domain (10) . TLR-2 and -4 are the most studied TLRs in the heart (5). Lipoproteins, peptidoglycans, and other constituents of Gram-positive bacteria are thought to activate TLR-2, whereas LPS from Gram-negative bacteria primarily activate TLR-4 (1).
TLRs play a significant role in sepsis-mediated damage to the myocardium (6, 10); however, our understanding of the mechanisms is far from complete. TLR-4 is the primary receptor for LPS activation of inflammatory cells, and mice deficient in TLR-4 display reduced myocardial ischemia-reperfusion injury (19) . Nonetheless, preconditioning, either by ischemia (18) or parenteral administration of LPS (4), ameliorates ischemic-reperfusion injury. We have reported that LPS mediates cardiac preconditioning via a phosphoinositide 3-kinase/Aktdependent signaling mechanism (12) . Yet, we are unable to differentiate the mechanisms of the cardioprotective effects of LPS in preconditioning from the mechanisms by which LPS damages the myocardium.
Endotoxemia in humans reduces heart rate variability (11) , which alone has a poor prognosis (23) . LPS added to rat neonatal cardiomyocytes in vitro effects a similar reduction in heart rate variability, which led to the conclusion that this results not from modulation of central or peripheral neurons but rather from remodeling of cardiac pacemaker cells (24) . In a similar manner, LPS added in vitro for 6 to 10 h reduced the hyperpolarization-activated nonselective cation pacemaker current (I f ) in human myocytes isolated from right atrial appendages (29) .
In the present study, we have utilized HL-1 cells, which are proliferating atrial myocytes established from a subcutaneous tumor of AT-1 cells that, in turn, were derived from the atria of a mouse transgenic for the simian virus 40 large T antigen under control of the atrial natriuretic factor promoter (7 ] was determined by interpolation from a standard curve generated by a Ca 2ϩ calibration buffer kit #2 (Molecular Probes) and Fura-2/K5-salt. After correction for the individual background fluorescence, the ratio of the fluorescence at both excitation wavelengths (F 340/F380) was monitored simultaneously in 30 -40 cells. Once data collection began, each slide was perfused with the standard external solution for 2 min, followed by 5 min with 10 ng/ml LPS-binding protein (LBP; an adjuvant to enhance LPS binding to TLRs) in the standard external solution and then 37 min with the experimental solution plus LBP. At 37 min, the slide was washed with the standard external solution for 3 min, and at 47 min the data collection was stopped. Data were collected every 10 s, exported to Excel (Microsoft), and graphed using Origin 7.0 (OriginLab, Northampton, MA).
Whole cell voltage-clamp measurements. Cells were grown for 1-2 days on 12-mm-diameter glass plastic coverslips, which were transferred to an acrylic chamber (Warner, New Haven, CT) on the stage of an inverted microscope (Olympus IMT-2) equipped with Hoffman modulation contrast optics. Cells were superfused at room temperature with a standard external salt solution. Patch pipettes (3-6 M⍀ in the bath solution) were fabricated from glass capillaries [1.1-1.2 mm ID, 0.2-mm wall thickness, nonheparinized micro-hematocrit capillary tubes (Fisher)] with a Brown-Flaming horizontal micropipette puller (model P-97, Sutter Instruments, Novato, CA). A micromanipulator (model MO-202, Narishige, Tokyo) fixed to the microscope was used to position pipettes. The whole cell patch configurations were obtained by standard patch-clamp technique (13) . Membrane currents were measured with a patch-clamp amplifier (Axopatch 200B, Axon Instruments, Foster City, CA) with the low-pass, Bessell filtering (Ϫ3 dB) set at 5 kHz. Whole cell currents from the patchclamp amplifier were fed into a computer via a digital interface (Digidata 1322A) and processed by Clampex 8 software (Axon Instruments). Ag/AgCl half-cells constituted the electrodes, and an agar bridge (4% wt/vol in external solution) connected the reference electrode to the bath solution. Series resistances were compensated following whole cell access before recordings were obtained.
Toll-like receptor expression in HL-1 cells.
For flow cytometry analysis, HL-1 cells were lifted by scraping into lidocaine (21) . Cells were blocked with 5% rabbit serum, 0.5% bovine serum albumin, and 5 mM EDTA before staining. Cells were stained with biotinylated anti-TLR-4 and anti-TLR-2 antibodies (eBioscience, San Diego, CA). Staining was performed according to conventional protocols at 4°C. Biotinylated antibodies were detected by streptavidin-phycoerythrin (Pharmingen). Cells were suspended in Pharmingen Stain Buffer and analyzed using a FACScalibur flow cytometer with CellQuest software (BD Biosciences, Mountain View, CA).
Solutions and chemicals. Standard external salt solution contained (in mM) 150 NaCl, 6 KCl, 1 MgCl 2, 1.5 CaCl2, 10 N-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid (HEPES), and 10 glucose (pH was adjusted to 7.41 with NaOH). External salt solution was modified from the preceding to measure I f and contained (in mM) 25 KCl (isosmotically substituted for NaCl to maximize If) and added supplements, 2 NiCl2, 2 BaCl2, and 0.4 4-aminopyridine (pH was adjusted to 7.41 with NaOH). To measure voltage-activated Ca 2ϩ currents, the external salt solution contained (in mM) 156 N-methyl-D-glucamine, 1 MgCl2, 5 CaCl2, 10 HEPES, and glucose 10 (pH was adjusted to 7.41 with HCl).
Pipette solution contained (in mM) 120 potassium aspartate, 10 TEA Cl, 0.4 Na 2GTP, 5 Na2ATP, 2 MgCl2, 11 EGTA, 5 CaCl2, and 10 HEPES (pH was adjusted to 7.2 with KOH).
Lipopolysaccharides from S. enteritidis and E. coli strain 055:B5 were obtained from Sigma Chemical (St. Louis, MO); ultrapure LPS from K12 strain and Pam3CSK4, a synthetic diacylated lipopeptide, were obtained from Invivogen (San Diego, CA); and recombinant human LBP was obtained from R and D Systems (Minneapolis, MN).
Data analysis. Results are expressed as means Ϯ SE, and differences between means were computed by Student's paired t-test. Slope conductances were determined by linear regression analysis of current-voltage plots at the reversal potentials (Ϫ20 to 0 mV). Electrophysiological data were analyzed using WinASCD software (Guy Droogmans, Katholieke Universiteit, Leuven, Belgium; ftp://ftp.cc. kuleuven.ac.be/pub/droogmans/winascd.zip).
RESULTS

Intracellular Ca
2ϩ concentrations, [Ca 2ϩ ] i , in nonconfluent HL-1 cells oscillated asynchronously with a period of minutes (Fig. 1) . Thorough examination showed that these oscillations consisted of two components: 1) slow increases in [Ca 2ϩ ] i whose durations varied from seconds to minutes, followed by 2) transient increases in [Ca 2ϩ ] i (Fig. 2) . The latter presumably was elicited by action potentials involving voltage-dependent Ca 2ϩ channels (28) . The highest frequency for action potentials in nonconfluent HL-1 cells was 0.4 Hz as determined by on-cell measurements of outward delayed rectifier K ϩ current (Supplemental Fig. S1 ; Supplemental Material for this article is available online at the Journal website), which was considerably slower than 1.3 to 5 Hz reported for confluent HL-1 cells (22) . However, only 39 Ϯ 4.5% (n ϭ 14 experiments; 434 cells total) of nonconfluent HL-1 cells displayed oscillations of [Ca 2ϩ ] i despite the fact that all cells readily loaded Fura-2. These oscillations disappeared reversibly on reducing nominal external [Ca 2ϩ ] to 0 mM (Supplemental Fig. S2 ), and their frequency increased as did total [Ca 2ϩ ] i on addition of isoproterenol (10 M) (Supplemental Fig. S3 ).
Considering that lipopolysaccharides have been implicated in endotoxin-mediated heart failure and chronic cardiac myopathies, we set out to determine whether lipopolysaccharides directly affect cardiac myocyte function by altering regulation of HL-1 cell [Ca 2ϩ ] i . Superfusing HL-1 cells with LPS (1 g/ml) derived from either E. coli (Fig. 3) or S. enteritidis (Fig.  4) ] i by 30 -40 nM. The latter reversed quickly on washout of lipopolysaccharides in both instances (Figs. 3 and 4) . However, washout of S. enteritidis LPS resulted in complete restoration of [Ca 2ϩ ] i oscillations (Fig. 4) , whereas washout of E. coli LPS resulted in modest restoration of [Ca 2ϩ ] i oscillations (Fig. 3) . Toll-like receptors play a central role in innate immune response to lipopolysaccharides of Gram-negative pathogens, and TLR-4 has been specifically implicated in the innate response in the heart (19) . HL-1 cells express TLR-4 as well as TLR-2 as determined by flow cytometry (Fig. 5, A and B) . Thus we applied utlrapure LPS to HL-1 cells, since it has been proposed to be a primary TLR-4 agonist (14). Utlrapure LPS (1 g/ml) had no effect on basal [Ca 2ϩ ] i , but it decreased the rate of [Ca 2ϩ ] i oscillations ( Fig. 6 and Table 1 ). In an effort to differentiate TLR-4 from TLR-2 effects, we also assessed effects of Pam3CSK4, which is thought to be a pure agonist for TLR-2 (2, 20) . It had no effect on either basal [ Table 1) .
Characterization of electrical properties of HL-1 demonstrated that action potentials could be elicited readily by current stimulation (Supplemental Fig. S4A ). In addition, voltage activation elicited both inward and outward currents (Supplemental Fig. S4B ), of which the inward current also was voltage inactivated (Supplemental Fig. S4C ). These occurred readily in all HL-1 cells on stimulation.
Added E. coli LPS reduced the rate of increase of the slow component that preceded the transient increase in [Ca 2ϩ ] i attributable to action potentials from 607 Ϯ 80 pM/s to 123 Ϯ 45 pM/s (P Ͻ 0.002; n ϭ 5; Fig. 7) . Moreover, endotoxin impairs the human pacemaker current, I f , (29) , and this current is expressed in HL-1 cells, along with corresponding hyperpolarization-activated cyclic nucleotide-gated (HCN) ion channels (22) . Thus, we sought to determine whether LPS might alter I f in HL-1 cells. In particular, we aimed to determined whether rapid effects on I f might account for the speed by which endotoxins reduce [Ca 2ϩ ] i oscillations in HL-1 cells. As an initial step toward this end, we employed two standard voltage-clamp protocols to measure 1) voltage dependence of hyperpolarization-activated I f, and 2) current-voltage relationships of fully activated I f in HL-1 cells to determine reversal potentials (Supplemental Fig. S5, A and B) . We opted not to correct for time-independent or leakage components of our recordings, thinking that this might mask currents of biologic importance.
LPS (1 g/ml) reduced the hyperpolarization-activated nonselective cationic current in HL-1 cells (Fig. 8, inset) . This inhibition was significant only at very negative potentials (P Ͻ 0.05 at Ϫ140, Ϫ150, and Ϫ160 mV and at the holding potential of Ϫ60 mV; Fig. 8 ). Thus, we further evaluated effects of LPS on tail currents of I f fully activated at Ϫ120 mV. Here, LPS (1 g/ml) reduced the nonselective cationic current over a range of voltages ranging from Ϫ60 to 35 mV (Fig. 9) . Slope conductance of control cells measured at the reversal potential was 498 Ϯ 140 pS/pF (n ϭ 5). Added LPS (1 g/ml) reduced this to 223 Ϯ 65 pS/pF (n ϭ 5; P Ͻ 0.03). However, reversal potentials of Ϫ11 Ϯ 2 mV (n ϭ 5) for control cells were unaffected by added LPS (Ϫ13 Ϯ 3 mV; n ϭ 5). The disparity between the inhibitions of LPS on I f activation at very negative membrane potentials compared with those on tail currents, which occurred over a range of physiologic mem- brane potentials, indicated that LPS more readily enhances deactivation of I f compared with blocking its activation. As an initial step to examine this possibility, we compared the time courses of I f decreases during step changes of the voltage clamp from Ϫ160 mV to Ϫ30 mV in the same cell before and after added LPS (E. coli, 1 g/ml). The current deactivated considerably faster after LPS treatment (Fig. 9, inset) . In addition, Cs ϩ (4 mM), which inhibits I f and spontaneous beating in HL-1 cells (22), markedly slowed the rate of [Ca 2ϩ ] i oscillations (Table 1) .
Voltage-activated Ca 2ϩ currents also contribute to cardiac pacemaker potentials, particularly the long-lasting or L-type Ca 2ϩ currents (16) , which are expressed in HL-1 cells (28). LPS had no effect on L-type Ca 2ϩ current in HL-1 cells, at least not in the time course in which LPS inhibited Ca 2ϩ oscillations in these cells (Supplemental Fig. S6, A and B) .
DISCUSSION
These results show a direct inhibitory effect of E. coli-and S. enteritidis-derived LPS on mouse cardiomyocyte [Ca 2ϩ ] i , both on rate of oscillations and on total ion concentration. [Ca 2ϩ ] i controls the inotropic state of the myocardium. Since LPS diminishes [Ca 2ϩ ] i , we conclude that, as such, it impairs contractility and thus may account in part for chronic and acute failure of the heart resulting from infection and endotoxin release into the circulation. This implies that harmful effects of endotoxins on cardiac function also result from their direct actions on cardiac myocytes in addition to deleterious effects mediated by secondary agents liberated from their activation of systemic inflammatory responses (6) .
These findings also indicate that effects of LPS on cardiomyocyte [Ca 2ϩ ] i are mediated in part by Toll-like receptors, particularly TLR-4. Ultrapure LPS activates only the TLR-4 pathway (14, 15), so we conclude that LPS slows Ca 2ϩ oscillations in HL-1 cells through activation of TLR-4. However, both E. coli and S. enteritidis LPS had greater inhibitory effects on the Ca 2ϩ variables in HL-1 cells than those observed with ultrapure LPS. Impurities such as lipopeptides found in cruder extractions of LPS are known to activate other TLRs, specifically, TLR-2. However, we ruled out TLR-2 activation, because Pam3CSK4, a TLR-2 agonist, had no effect on either Ca 2ϩ oscillations or basal [Ca 2ϩ ] i , either alone or in combination with ultrapure LPS. These findings suggest that LPS in its crude form interacts with TLR-4 and other, yet unknown HL-1 receptors to directly and rapidly inhibit Ca 2ϩ metabolism. Our findings confirm the existence of I f in HL-1 cells (22) . Our computation of its maximal slope conductance is greater than reported by these investigators (22) , which may result because we did not correct for time-independent components of the tail currents. Yet, it agrees well with that reported for mouse sinoatrial cells (17, 26) . Added LPS significantly decreases this slope conductance, which indicates that LPS diminishes the rate of Ca 2ϩ oscillations in HL-1 cells in part by inhibiting the I f . LPS has been reported to impair I f measured 6 to 10 h following administration to human myocytes obtained from right atrial appendages (29) . Our results expand this finding by showing that this direct effect of LPS on cardiac myocytes occurs within minutes of its application to HL-1 cells. This observation strongly suggests a direct effect of LPS on HL-1 Ca 2ϩ metabolism and it argues against the release of second messengers, such as cytokines, feeding back on HL-1 cells in an autocrine/paracrine fashion as mediators of the effect.
Inhibition of I f activation by LPS was marginal in the physiologic range of transmembrane voltage and significant at transmembrane voltages more negative than the diastolic membrane potential of cardiac myocytes. It is noteworthy that the predominant expression of HCN ion channels by HL-1 cells comprises HCN-1 and HCN-2 compared with the predominance of HCN-4 by mouse sinoatrial node (3, 22) . Nonetheless, we do not know whether these isoforms have differential sensitivity to endotoxins. A more likely explanation of our findings is that LPS enhances I f deactivation with greater propensity than it inhibits its activation. (16) . The nonselective cation channel transient receptor potential melastatin 4 (TRPM4) is functionally expressed in mouse sinoatrial node cells and is purported to play a role in generating cardiac rhythm (9) . It displays both Ca 2ϩ -and voltage-dependent activation, but its role as contributing to pacemaker current remains provisional (25) . Its close homologue, TRPM5, plays a significant role in Ca 2ϩ oscillations and glucose-induced insulin release from mouse pancreatic islets (8) .
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